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The electroweak unification group SU(2)L×SU(2)R×SU(2)Y is proposed for the charged
lepton flavor violating decays of the muon (µ) and tau (τ) leptons. The group SU(2)Y is in
the lepton space. The left-handed leptons and anti-leptons are assigned to the fundamental
representation (2, 2, 2¯) of the semi-simple group. The gauge group SU(2)Y is spontaneously
broken to U(1)Y1 , where Y1 = −L = ±1 is the hypercharge, by introducing a scalar multiplet
Σ which belongs to the triplet representation 3 of the SU(2)Y and is singlet under SU(2)L×
SU(2)R. At this stage charged vector bosons Y
± of SU(2)Y which mediate the lepton flavor
violating decays acquire masses and are decoupled with one Higgs scalar H0
Σ
. The residual
group SU(2)L×SU(2)R×U(1)Y1 has all the features of the left-right electroweak unification
group extensively studied in the literature. The probability for lepton flavor violating decays
is
(
sin
2
θW
1−2 sin2 θW
)2 (
mWL
mY
)4
.
I. INTRODUCTION
In the standard model, lepton number and baryon number are conserved, i.e. ∆L = 0 and
∆B = 0. Bounds on the lifetimes of electron and proton are
τe > 4.6 × 1026years, τp > 1031years. (1)
For the leptons, there is another conservation law, viz the lepton number for each generation is
conserved. No process with ∆Le 6= 0, ∆Lµ 6= 0 and ∆Lτ 6= 0 is allowed. The left-handed current
2for weak decays in the standard model is
J+µlepton =
(
ν¯e, ν¯µ, ν¯τ
)
γµ(1− γ5)


e
µ
τ

 =
[
ν¯eγ
µ(1− γ5)e+ · · ·
]
(2)
J+µquark =
(
u¯, c¯, t¯
)
γµ(1− γ5)VCKM


d
s
b

 =
[
u¯γµ(1− γ5)(Vudd+ Vuss+ Vubb) + · · ·
]
(3)
where VCKM is the Cabibbo–Kobayashi–Maskawa (CKM) matrix. Unlike the quark-sector, where
the flavor changing weak decays are allowed, in the lepton-sector no lepton flavor changing decays
are allowed.
In the standard model, the neutrinos are only left-handed and hence are massless. For massless
neutrinos, no linkage between three generations. Mixing between neutrinos is possible if all the
neutrinos are not massless. Mixing requires that mass eigenstates νi, (i = 1, 2, 3) are different from
flavor eigenstates. In this case the oscillations are possible. In the neutrino oscillations, νe → νµ
and νµ → ντ have been experimentally observed [1, 2] .
One has to go beyond the standard model to explore the charged lepton flavor violating decays.
In this context, the electroweak unification gauge group SU(2)L × SU(2)R × SU(2)Y is proposed,
the group SU(2)Y is in the leptonic space. The concept of isospin in the leptonic space was first
introduced in 1975 [3]. The left-handed leptons and antileptons are assigned to the fundamental
representation (2, 2, 2¯) of the gauge group:
Ψ =
y
SU(2)L
SU(2)Y←−−−−−−−
νn ecm
en −N cm


y
SU(2)R
(4)
where n and m are the flavor indices and the superscript c denotes the charge-conjugation. The
multiplets (νn, en)
T
L and (e
c
m, −N cm)TL belong to the fundamental representations of SU(2)L and
SU(2)R, respectively, whereas two doublets (νn, e
c
m)L and (en,−N cm)L belong to the representation
2¯ of SU(2)Y . There are three sets of vector bosons (W
±
L ,W
0
Lµ), (W
±
Rµ,W
0
Rµ) and (Y
±
µ , Y
0
µ ) belonging
to the adjoint representation of each SU(2) gauge group. Out of six charged vector bosons, the
four W±Lµ , W
±
Rµ are coupled to the left-handed and right-handed weak currents J
±µ
L and J
±µ
R
respectively. The remaining two charged vector bosons Y ±µ are coupled to the lepton flavor violating
currents J±µY . The gauge bosons Y
±
µ mediate the lepton number Le, Lµ and Lτ violating processes.
The linear combinations of three neutral vector bosonsW 0Lµ,W
0
Rµ and Y
0
µ give three physical vector
3bosons Aµ, Zµ and Z
′
µ coupled is the electromagnetic current J
emµ, the weak neutral currents JZµ
and the JZ
′µ, respectively.
Note that for the gauge group SU(2), the representations 2 and 2¯ are equivalent and it is
anomaly free unlike SU(N) for N > 2 gauge groups which are not anomaly free. Hence, the gauge
group SU(2)L × SU(2)R × SU(2)Y is anomaly free.
II. INTERACTION LAGRANGIAN
The gauge invariant Lagrangian for the fundamental representation (2, 2, 2¯) is given by
L = Tr[iΨ¯γµ∇µΨ], (5)
with Ψ defined in Eq. (4) and
∇µ = ∂µ + i
2
τ ·WLµ + i
2
τ ·WRµ − i
2
(τ · Yµ)†, (6)
where τa are the Pauli matrices. Thus the interaction Lagrangian
Lint = i
2
[
(ν¯n, e¯n)Lγ
µ

 W 0Lµ √2W+Lµ√
2W−Lµ −W 0Lµ



νn
en


L
+ (e¯cn,−N¯ cn)Lγµ

 W 0Rµ √2W+Rµ√
2W−Rµ −W 0Rµ



 ecn
−N cn


L
− (ν¯n, e¯cm)Lγµ

 Y 0µ √2Y −µ√
2Y +µ −Y 0µ



νn
ecm


L
− (e¯n,−N¯ cm)Lγµ

 Y 0µ √2Y −µ√
2Y +µ −Y 0µ



 en
−N cm


L
]
(7)
From the above equation we can separate the charged and neutral parts of the interaction La-
grangian as
Lchargeint =−
1
2
√
2
{
g
[
ν¯nγ
µ(1− γ5)enW+Lµ + N¯nγµ(1 + γ5)enW+Rµ + h.c.
]
− gY
[
(e¯cmγ
µ(1− γ5)νn − N¯ cmγµ(1− γ5)en)Y +µ + h.c.
]}
(8)
Lneutralint =−
1
4
{
g
[
(ν¯nγ
µ(1− γ5)νn − e¯nγµ(1− γ5)en)W 0Lµ + (N¯nγµ(1 + γ5)Nn − e¯nγµ(1 + γ5)en)W 0Rµ
]
− gY
[
ν¯nγ
µ(1− γ5)νn + e¯nγµ(1 + γ5)en + e¯nγµ(1− γ5)en + N¯nγµ(1+γ5)Nn
]
Y 0µ
}
(9)
In order to express the Lneutralint in terms of physical vector bosons Aµ, Zµ and Z ′µ, we note that
electric charge Q is given by
Q = I3L + I3R + I3Y (10)
g g gY
W 0Lµ W
0
Rµ
Y 0µ
4Below we define the gauge bosons and the couplings in the mass eigenbases,
Aµ
e
=
W 0Lµ
g
+
Bµ
g′
,
Bµ
g′
=
W 0Rµ
g
+
Y 0µ
gY
,
Z ′µ
g′
=
W 0Rµ
gY
− Y0µ
g
,
1
e2
=
1
g2
+
1
g′2
,
1
g′2
=
1
g2
+
1
g2Y
,
e
g
= sin θW ,
e
g′
= cos θW , gY =
g tan θW√
1− tan2 θW
. (11)
From the above definitions, one can obtain W 0Lµ , W
0
Rµ
and Y 0µ in terms of the physical vector
bosons Aµ, Zµ and Z
′
µ as:
gW 0Lµ = eAµ + g cos θWZµ
gW 0Lµ − gY Y0µ =
g
cos θW
Zµ + g
tan2 θW√
1− tan2 θW
Z ′µ
gW 0Rµ = eAµ − g
sin2 θW
cos θW
Zµ + g
√
1− tan2 θWZ ′µ
gY Y
0
µ z = eAµ − g
sin2 θW
cos θW
Zµ − g tan
2 θW√
1− tan2 θW
Z ′µ
gW 0Rµ − gY Y 0µ =
g√
1− tan2 θW
Z ′µ
g(W 0Lµ −W 0Rµ) =
g
cos θW
Zµ − g
√
1− tan2 θWZ ′µ (12)
Using above relations, the neutral current interaction Lagrangian is given by
Lneutralint =
−1
4
{
e
[
− 4e¯nγµen
]
Aµ + g
[
ν¯nγ
µ(1− γ5)− e¯nγµ(1− γ5)en
− 4 sin2 θW (− ¯enγµen)
] Zµ
cos θW
+ g
[
(N¯nγ
µ(1 + γ5)Nn − e¯nγµ(1 + γ5)en)
+ tan2 θW (ν¯nγ
µ(1− γ5)νn − e¯nγµ(1− γ5)en + 4e¯nγµen)
] Z ′µ√
1− tan2 θW
}
(13)
We conclude from Eq. (8) and Eq. (13), that except for lepton number violating term coupled to
Y ±µ , we get exactly the same result for the lepton sector as those given by the left-right symmetric
gauge group SU(2)L × SU(2)R × U(1)Y1 , see for instance [4].
III. SPONTANEOUS BREAKING OF THE GAUGE GROUP SU(2)L × SU(2)R × SU(2)Y
In the first stage, the group SU(2)Y is spontaneously broken to U(1)Y1 , where Y1 is the hyper-
charge, by a scalar multiplet Σ which belong to singlet representation of SU(2)L, SU(2)R and to
5triplet representation of SU(2)Y , i.e. Σ = (1, 1, 3) and can be written in the following form
Σ =


H+Σ
vΣ +H
0
Σ
H−Σ

 , (14)
where 〈Σ〉 ≡ (0, vΣ, 0)T is the vacuum expectation value (vev) of ~Σ. The mass term is given by
LY ±mass = −
1
4
g2Y
[(〈~Σ〉 · 〈~Σ〉)(~Y µ · ~Yµ)− (〈~Σ〉 · ~Y µ)(〈~Σ〉 · ~Yµ)]
= −1
4
g2Y V
2
[
2Y +µY −µ
]
, (15)
where the mass of the gauge bosons Y ± is given by
m2Y± =
1
4
g2Y (2v
2
Σ) =
1
4
g2
tan2 θW
1− tan2 θW
(
2v2Σ
)
. (16)
The would be Goldstone bosons H±Σ have been absorbed in Y
±
µ to give them longitudinal compo-
nents and masses. The vector bosons Y ±µ are decoupled with one heavy Higgs scalar H
0
Σ and the
electroweak unification group SU(2)L×SU(2)R×SU(2)Y is broken to SU(2)L×SU(2)R×U(1)Y1 .
We are left with seven massless vector bosons
(
W±Lµ,W
0
Lµ
)
,
(
W±Rµ,W
0
Rµ
)
and a singlet Y 0µ belong-
ing to SU(2)L, SU(2)R and U(1)Y1 , respectively and the two doublets
 νn
en


L
,

 ecn
−N cn


L
(17)
belonging to representation 2 of SU(2)L and SU(2)R with hypercharge Y1 = −L = ∓1. The singlet
vector boson Y 0µ = B1µ, gY = g1.
In the second stage, the gauge group SU(2)L × SU(2)R × U(1)Y1 (left-right symmetric group)
is spontaneously broken to U(1)em by three sets of scalars [4]:
∆R : (1, 2, 2) =

η+ η++
ησ −η+

 , 〈∆R〉 =

 0 0
vR/2 0

 (18)
∆L : (2, 1, 2) =

χ+ χ++
χ0 −χ+

 , 〈∆L〉 =

 0 0
v′L/
√
2 0

 ≈ 0 (19)
φ : (2, 2, 0) =

φ0 φ+
φ− −φ0

 , 〈φ〉 =

κ 0
0 κ′

 (20)
The multiplet ∆R, generates the mass terms for the W
±
R and Z
′ gauge bosons by using Eq (12) as
LW
±
R
,Z′
mass = −1
8
v2R
[
2g2W+µR W
−
Rµ + 2
(
gW 0µR − gBµ1
) (
gW 0Rµ − gB1µ
)]
= −1
8
g2v2R
[
2W+µR W
−
Rµ +
2
1− tan2 θW Z
′µZ ′µ
]
. (21)
6Hence
m2
W±
R
=
1
4
g2v2R, m
2
Z′ =
1
4
2g2v2R
1− tan2 θW (22)
At this stage the left-right symmetric group is broken to SU(2)L × U(1)Y . The scalar multiplet φ
breaking this group to U(1)em. The multiplet φ generate the mass term for the W
±
L and Z as,
LW
±
L
,Z
mass =
1
4
g2
(
κ2 + κ′2
) [(
2W+µL W
−
Lµ + 2W
+µ
R W
−
Rµ
)
+
(
W 0µL −W 0µR
) (
W 0Lµ −W 0Rµ
)]
− g2κκ′
(
W+µL W
−
Rµ +W
+µ
R W
−
Lµ
)
(23)
=
1
4
g2κ2
[
2W+µL W
−
Lµ + 2W
+µ
R W
−
Rµ +
1
cos2 θW
ZµZµ −
√
1− tan2 θW
cos θW
(
Z ′µZµ + Z
µZ ′µ
)
+
(
1− tan2 θW
)
Z ′µZ ′µ
]
(24)
where in the last step we used Eq. (12) and the fact that κ′ ≪ κ (which one can select). Hence
with κ′ ≪ κ≪ vR, and κ = vL/
√
2, we get
mW±
L
=
1
4
g2v2L, m
2
Z =
1
4
g2
cos2θW
v2L (25)
The scalar multiplet ∆R gives the Majorana mass term to the right-hand neutrino Nn:
LMajoranamass = −
(
eTn ,−N c
T
n
)
L
C−1iτ2〈∆R〉†

 en
−N cn


L
+ h.c.
= −
(
eTn ,−N c
T
n
)
L
C−1

0 0
0 vR/2



 en
−N cn


L
+ h.c.
= −vR
2
[
N c
T
nLC
−1N cnL − N¯ cnLCN¯ c
T
nL
]
= −vR
2
[
NTnRC
−1NnR + h.c.
]
. (26)
The multiplet φ generates Dirac masses for the leptons. The Dirac mass term for the leptons is
LDiracmass = −

h1ln (νTn , e+n )C−1 〈φ〉 iτ2

 ecn
−N cn


L
+ h2ln
(
νTn , e
+
n
)
C−1iτ2 〈φ〉

 ecn
−N cn


L

+ h.c.
= −
[
− h1ln
(
κνTnLC
−1N cnL + h1κ
′eTnLC
−1ecnL
)− h2ln (κ′νTnLC−1N cnL + κeTnLC−1ecnL) ]+ h.c.
= −
[ (
h1lnκ+ h2lnκ
′
)
N¯nRνnL +
(
h1lnκ
′ + h2lnκ
)
(e¯nRenL)
]
+ h.c.
= −
[
h1lnκ
(
N¯nRνnL + h.c.
)
+ h2lnκ (e¯nRenL + h.c.)
]
= − vL√
2
[
h1ln (ν¯nLNnR + h.c.) + h2ln (e¯nLenR + h.c.)
]
, (27)
7above in the second-last line above we used the approximation κ′ ≪ κ≪ vR. On diagonalization,
it gives Majorana mass terms mνLn =
m2
ln
4MNRn
. Moreover, the multiplet φ also generate the quark
masses, the mass term for quarks:
Lquarkmass = −
vL√
2
[
h1qn (u¯nLunR + h.c.) + h2qn
(
d¯nLdnR + h.c.
)]
(28)
We end this section with the following remark. The content of the gauge vector bosons and
breaking of the gauge group SU(2)L × SU(2)R × U(1)Y1 by the Higgs scalar multiplets are char-
acteristic of the gauge groups and are independent of the fermionic content of the model. In the
left-right symmetric gauge group SU(2)L×SU(2)R×U(1)Y1 , with Y1 = B−L considered in Ref. [4]
the left-handed quarks and antiquarks doublets
 un
d′n


L
,

 d′cn
−ucn


L
have Y1 = B, Y1 = ±13 whereas lepton (antilepton) multiplets have Y1 = −L, Y1 = ∓1 as given in
Eq. (17). The vector bosons W±Lµ and W
±
Rµ are coupled to leptons and quarks with no difference,
where as the vector boson B1µ associated with U(1)Y1 is coupled to leptons with Y1 = −L and to
quarks with Y1 = B. The coupling of Higgs scalar with Y1 = 0 and Y1 = 2 are coupled to all the
fermions of the group.
IV. EFFECTIVE LAGRANGIAN FOR CHARGED LEPTON NUMBER VIOLATING
DECAYS
In the Standard Model (SM) charged lepton (µ and τ) decays are mediated by the vector bosons
W±Lµ. From the first term of Eq. (8), the effective Lagrangian for these decays is given by
LSMeff =
GF√
2
[
ν¯nγ
µ(1− γ5)en
][
e¯mγµ(1− γ5)νm
]
, (29)
where GF =
√
2g2/8m2W , is the Fermi constant. After Fierez reordering
LSMeff =
GF√
2
[
e¯mγ
µ(1− γ5)en
][
ν¯nγµ(1− γ5)νm
]
. (30)
In particular, for µ− → νµ + e− + ν¯e:
LSMeff (µ-decay) =
GF√
2
[
e¯γµ(1− γ5)µ][ν¯µγµ(1− γ5)νe]. (31)
The effective Lagrangian for the charged lepton flavor violating (LFV) decays mediated by Y ±µ :
LLFVeff =
GY√
2
[
e¯cmγ
µ(1− γ5)νn
][
ν¯n′γµ(1− γ5)ecm′
]
, (32)
8with
GY√
2
=
g2Y
8m2Y
=
g2
8
tan2 θW
1− tan2 θW
1
m2Y
.
Fierez reordering gives
LLFVeff =
GY√
2
[
e¯cmγ
µ(1− γ5)ecm′
][
ν¯n′γµ(1− γ5)νn
]
= −GY√
2
[
eTmC
−1γµ(1− γ5)Ce¯Tm′
][
ν¯n′γµ(1− γ5)νn
]
= −GY√
2
[
e¯m′γ
µ(1 + γ5)em
][
ν¯n′γµ(1− γ5)νn
]
. (33)
There is a choice of the possible assignments of three generations of leptons. The natural assignment
is as follow:
(i) D(e) : D(123) =

νe e+
e− −N ce


L
,

νµ µ+
µ− −N cµ


L
,

ντ τ+
τ− −N cτ


L
(34)
For the assignment (i), the µ and τ decays are as follows
µ− → ν¯µ + e− + νe, ∆Lµ = −2, ∆Le = 2, νe ↔ νµ, (35)
τ− → ν¯τ + µ− + νµ, ∆Lτ = −2, ∆Lµ = 2, νµ ↔ ντ , (36)
τ− → ν¯τ + e− + νe, ∆Lτ = −2, ∆Le = 2, νe ↔ ντ . (37)
These decays stimulate the neutrino oscillations νe → νµ in the µ-decay and νµ → ντ , ντ → νe in
the τ -decay.
The lepton flavor violating effective Lagrangian for µ− → ν¯µ + e− + νe can be written as
LLFVeff (µ-decay) = −
GY√
2
[
e¯γµ(1 + γ5)µ
]
[ν¯eγµ(1− γ5)νµ] (38)
and similarly for the τ -decays, replace µ→ τ , νµ → ντ , and νe → νµ, in the above expression.
Using the permutation D (123)→ D (231):
(ii) D (231) =

νe µ+
e− −N cµ


L
,

νµ τ+
µ− −N cτ


L
,

ντ e+
τ− −N ce


L
(39)
For the assignment (ii), the lepton flavor violating decays are
µ− → ν¯e + e− + ντ , ∆Lµ = −1, ∆Lτ = 1, νµ → ντ (40)
τ− → ν¯µ + µ− + νe, ∆Lτ = −1, ∆Le = 1, ντ → νe (41)
τ− → ν¯µ + e− + ντ , ∆Lµ = −1, ∆Le = 1, νe → νµ (42)
9These decays also stimulate the neutrino oscillatons νµ → ντ , ντ → νe, νe → νµ in µ and τ decays.
In this assignment (ii), the charged LFV effective Lagrangian for the decay µ− → ν¯e + e− + ντ is
LLFVeff (µ-decay) = −
GY√
2
[e¯γµ(1 + γ5)µ][ν¯τγµ(1− γ5)νe]. (43)
The Feynman amplitude for the µ decay in the Standard Model is given by [c.f. Eq. (30)] [1]
∣∣MSMµ-decay∣∣2 =∑
spin
∣∣F SMµ-decay∣∣2 ∼ G2F2 4 p2 · k1 p1 · k2, (44)
and for the lepton flavor violating µ decay is given by [c.f. Eq. (38)]
∣∣MLFVµ-decay∣∣2 =∑
spin
∣∣FLFVµ-decay∣∣2 ∼ G2Y2 4 p1 · k1 p2 · k2, (45)
where p1, p2, k1 and k2 are the 4-momenta of µ, e, νµ and νe. From Eq. (44), the decay width
dΓ, for µ− → νµ + e− + ν¯e is given by [1]
dΓSMµ-decay =
G2F
12π3
mµpedEe[3WEe − 2E2e −m2e], where W ≡
m2µ +m
2
e
2mµ
(46)
After integration we get,
ΓSMµ-decay = τ
−1
µ =
G2F
192π3
m5µ[1−
8m2e
m2µ
]. (47)
From Eq. (45), we get exactly the same expressions for the LFV case as those given in Eq. (46)
and Eq. (47) with G2F → G2Y . For τ decays, replace mµ → mτ , me → mµfor τ → µ and for τ → e,
mµ → mτ . Hence, for the assignment (i)
RLFVµ-decay ≡
ΓLFVµ-decay(µ
− → ν¯µ + e− + νe)
ΓSMµ-decay(µ
− → νµ + e− + ν¯e)
=
G2Y
G2F
=
g4Y
g4
(
mWL
mY
)4
=
(
sin2 θW
1− 2 sin2 θW
)2(
mWL
m′Y
)4
,
Moreover, for the τ -decay we get the same ratio, i.e. RLFVτ -decay = RLFVµ-decay. Similar expressions for
the decays µ− → ν¯e + e− + ντ , τ− → ν¯µ + µ− + νe and τ− → ν¯µ + µ− + νe for the assignment (ii).
The probability to observe lepton flavor violating µ and τ decays must be less than 10−6, since the
SM decay rate for µ decay is in agreement with the experimental value up to six places of decimals.
For example, using sin2 θW = 0.23, mWL ≈ 80.38 GeV, the probability to observe lepton flavor
violating decay is 2.9 × 10−8 for mY = 50mWL ≈ 4 TeV and 1.5 × 10−9 for mY = 100mWL ≈ 8
TeV and for mY = 65 TeV the probability is 5.0× 10−13.
The energy spectrum given in Eq. (46) is modified by LLFVeff for flavor violating decays. The
Feynman amplitude for µ decay into electron is given by
F SMµ-decay =
GF√
2
[
u¯(p2)γ
µ(1− γ5)u(p1)
][
u¯(k1)γµ(1− γ5)v(k2)
]
FLFVµ-decay = −
GY√
2
[
u¯(p2)γ
µ(1 + γ5)u(p1)
][
u¯(k2)γµ(1− γ5)v(k1)
]
,
(48)
10
which leads to
|Mµ-decay|2 ∼ G2F 4 p2 · k1 p1 · k2 − 2GFGY (−4mµme k1 · k2) (49)
From Eq. (49), the modified energy spectrum is given by
dΓ =
G2F
12π3
mµpedEe
[
3WEe − 2E2e −m2e − 12(
sin2 θW
1 − sin2 θW
)
m2WL
m2Y
me × (W − Ee)
]
. (50)
V. CONCLUSIONS
The electroweak unification group SU(2)L×SU(2)R×SU(2)Y is broken to SU(2)L×SU(2)R×
U(1)Y1 by a scalar multiple Σ that belongs to the triplet representation of SU(2)Y and singlet
of SU(2)L × SU(2)R, the vector boson Y ± acquired mass m2Y ± = 12 tan
2 θW
1−tan2 θW
g2v2Σ, where v
2
Σ ≫
v2R ≫ v2L. The vector bosons Y ± are decoupled, with one heavy Higgs scalar H0Σ and the residual
group SU(2)L ×SU(2)R ×U(1)Y1 where Y1 is the hypercharge has all the features of the left-right
symmetric electroweak unification groupSU(2)L×SU(2)R×U(1)Y1 with hypercharge Y1 = B−L.
Y1 = B = ±13 for the quark multiplets and Y1 = −L = ∓1 for the lepton multiplets. Addition
of quark multiplet does not change any other feature of the group. The probability to observe
charged lepton flavor violating decays is ≤ 10−9.
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